Introduction
1. Abbreviations used in this paper: CPPD, calcium pyrophosphate dihydrate; CPPD-F, familial CPPD crystal deposition disease; CPPD-S, sporadic CPPD crystal deposition disease; DME, Dulbecco's modified Eagle's medium; NTPPPH, nucleoside triphosphate pyrophosphohydrolase; OA, osteoarthritis; PCA, perchloric acid; Pi, inorganic phosphate; PPi, inorganic pyrophosphate; SF, synovial fluid; UDPG, uridine diphosphate fluid (SF) PPi concentrations are elevated with respect to plasma (1 4) ; and (c) CPPD crystal deposition occurs with increased frequency in adults with hypophosphatasia (5-7), a condition associated with elevated plasma and urinary PPi levels (8, 9) . But systemic abnormalities in PPi metabolism have not been identified in most cases ofCPPD crystal deposition disease (10) . Chondrocytes have been postulated to secrete PPi, since both normal and degenerated articular cartilage in organ culture, but not synovium, subchondral bone, or elastic (ear) cartilage, have elaborated extracellular PPi (11, 12) . SF PPi pool and turnover studies in human knee joints suggested PPi production rates of 0.5-1 umol/h (13) , compatible with the quantities liberated from human cartilage slices in organ culture (11, 12) .
Tenenbaum et al. found elevated nucleoside triphosphate pyrophosphohydrolase (NTPPPH) activity in Triton X-100 extracts of degenerative CPPD crystal-containing cartilages compared with extracts of normal cartilages or extracts of degenerative crystal-free cartilages (14) . This chondrocyte ectoenzyme generated PPi from a number of substrates (15, 16) . NTPPPH activity was also increased in SF from patients with CPPD deposition (17) . Lust (10) . Familial CPPD donors (n = 11) were from three well-studied kindreds expressing CPPD deposition as an autosomal dominant trait. Details of two of these kindreds have been published (21, 22 Biopsies. Biopsies were obtained from forearm skin in a manner identical to that described by Lust et al. ( 18) . Explants were transported in DME supplemented with 10% fetal calf serum and 1% penicillinstreptomycin Fungizone (10-1-D).
Explants. The biopsy was washed with 10-1-D. Any hairs were removed. The specimen was cut into 3-4 pieces using a sterile scalpel blade. A 25-cm2 tissue culture flask which contained 4 ml of 10-1-D was placed upright for 10-15 min before the pieces of tissue were transferred with a Pasteur pipette. The flask was incubated upright for 30 min at 370C in 10% CO2 before it was gently placed flat. The flask was left undisturbed for 2-3 d. If the pieces of tissue did not attach, they were transferred to a tissue culture dish with a Pasteur pipette. A sterile microscope coverslip was placed over them and 6 ml of 10-1-D added to the dish. The explants were fed twice weekly with 10-1-D, with care not to dislodge the attached tissues. At confluence, cells were transferred to 2 tissue culture dishes by washing with HBSS and incubating for 5 min at 370 with 0.05% trypsin, 0.2% EDTA in HBSS. 7.5 ml 10-1-D were added to each dish. The second transfer was made to four 100-mm and eight 35-mm diameter tissue culture plates.
Biological variables. Our original attempts at measuring intracellular PPi yielded results which suggested uncontrolled variables. The effect of independently varying cell density, transfer number, and age of culture on intracellular PPi levels was studied. After these studies, all determinations outlined below were performed on cultures of second transfer cells, at 100% visual confluence, -6 wk after the initial biopsy and 48 h after the most recent media change.
Assayfor PPi. PPi formed during the NTPPPH reaction was determined by a modified method of Cheung and Suhadolnik (23) . Briefly, Intracellular levels of PPi were determined similarly, using standard PPi concentrations from 0.06 to 1.0 AM. Because these samples also contained [32PJPPi, the observed "4C was corrected for the overlap of 32p counts in the 'C channel.
Standard stock PPi solutions (16 mM) were assayed for inorganic phosphate (Pi) content by the method ofFiske and SubbaRow (24) before and after hydrolysis by yeast inorganic pyrophosphatase as described previously (25) . This is necessary since stock Na.4P207-IOH20 powder readily gains or loses waters of hydration (25) PPi hydrolysis. The amount of [32Plpyrophosphate hydrolyzed during the pyrophosphatase assay was determined by the differential precipitation of phosphorus as phosphomolybdate by triethylamine (26) . 200 Ml of the sample was placed in a 1.5-ml microfuge tube. 10 Ml 10 mM NaPHO4, 40 Ml 1.0 M PCA, 40 Ml 5% ammonium molybdate, and 10 Ml of 0.2 M triethylamine HCI were added sequentially with vortexing. The sample was centrifuged for 10 s at 8,700 gin a microfuge (Brinkmann Instruments Co., Westbury, NY). The supernatant was transferred to a 20-ml scintillation vial which contained 10 ml of 0.5 M HC1. The precipitate was washed, centrifuged twice more, and these supernatants were also added to the scintillation vial. The precipitate was dissolved in 400 Ml acetone and transferred to another scintillation vial containing 10 ml 0.5 M HCI. Radioactivity present in each vial was determined by Cerenkov counting as described previously (12) . The percentage of hydrolysis in the blank was subtracted from the sample value. PPi hydrolysis in the sample was then recorded.
Pyrophosphatase activity. Two confluent 35-mm culture plates of fibroblasts in their second transfer were used for duplicate determinations. The plates were washed twice with DME and then once with HBSS. 1 10, 000 cpm/100 Ml was added to each plate. The plates were incubated at 370C for 30 min. A blank plate with no cells was also run. The media was removed and stored at -20°for hydrolysis determination. The cells were released by treatment with 0.05% trypsin for DNA determination.
5' Nucleotidase activity. The amount of Pi released when the monolayer fibroblasts were incubated with AMP was measured as described by Edwards (27) . The method of Chen (28) was used to measure the Pi. Confluent 35-mm cultures were washed three times with 10 mM Tris HCI, pH 7.4, in 150 mM NaCl. 2 ml containing 50 mM Tris, 4.0 mM MgCl2, 150 mM NaCl, and 0.4 mM AMP were added to each plate and incubated at 370C. 100-Ml aliquots were removed at 5, 10, and 15 min. 100 Ml of 0.150 M NaCl was added to each sample in plastic test tubes. 800 Ml of a solution consisting of 2% ascorbic acid, 0.5% ammonium molybdate, 1.2 N sulfuric acid was then added and incubated for 1-2 h. The absorbance was measured at 820 nm on a DU 6 spectrophotometer (Beckman Instruments, Inc., Fullerton, CA) and activity was expressed as picomoles Pi per microgram DNA. The cells were then released with 0.05% trypsin for the determination of DNA.
DNA assay. DNA was determined by a modification of the method of Burton (29) . The released cells were resuspended in 1 ml HBSS and 100 Al 70% PCA was added. The macromolecular precipitate was removed by centrifuging at 1,700 g for 30 min and stored at -20'C. The thawed precipitate was resuspended in 200 MA TrisCl, pH 7.4, and 200 Al 0.4 N PCA, vortexed, and allowed to stand for 5 min. After centrifugation at 1700 g for 30 min at 4VC, 600 ml of 1.5 M PCA was added.
DNA standards from 5 to 35 Mg were prepared in 600 Ml of 1.5 M PCA.
The glass tubes containing standard or sample were incubated at 70'C for 30 min and allowed to cool at room temperature; 350 Ml diphenylamine reagent (4.0 g diphenylamine and 10 Al paraldehyde in 100 ml glacial acetic acid) was added to each tube. The tubes were incubated in the dark for 18 h at room temperature, centrifuged for 30 min at 1700 g, and the absorbance at 600 nm was read in a spectrophotometer (model 36; Beckman Instruments, Inc.).
Results
Biological variables. Our first attempts at measuring intracellular PPi content yielded widely discordant values on cells derived from the same explant, suggesting uncontrolled variables. Fibroblasts derived from a single explant were passaged and plated on second passage (T2) so as to achieve visual confluence at various intervals. Duplicate plates reached confluence at 4, 6, 14, and 16 wk at which time PPi was measured on the potassium hydroxide-neutralized PCA cell lysate. * Measured at visual confluence on second passage.
* Interval between biopsy and PPi measurement.
at different cell densities so that confluence was reached at different times. (37) . The cellular site of the elevated activity was hypothesized to be the endoplasmic reticulum, not the cell surface. In the endoplasmic reticulum, excess NTPPPH (which degrades 3'-phospho-adenosine 5'-phosphosulfate as well as ATP) would deplete 3'-phospho-adenosine 5'-phosphosulfate. Such depletion could account for the undersulfation of glycosaminoglycans synthesized by culture skin fibroblasts of patients with Lowe's syndrome (38) .
In summary, biochemical abnormalities related to PPi and PPi metabolism are identified in cultured extraarticular tissues of patients with CPPD crystal deposition disease. These data support the contention of Lust, Seegmiller, et al. that a generalized metabolic defect expressed phenotypically only in cartilage underlies CPPD crystal deposition disease.
